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INTRODUCTION
During the 1960s and 1970s, scientific evidence on the impacts of atmospheric acid deposition led to international negotiations to control emissions of compounds (primarily sulphur (S) and nitrogen (N) oxides) that undergo long-range transport. The United Nations Economic Commission for Europe's Convention on Longrange Transboundary Air Pollution and the CanadaUnited States (US) Air Quality Agreement (AQA), are key international instruments in this respect. In concert, national agencies and institutions throughout Europe and North America established extensive programmes monitoring the chemical composition of precipitation to determine the extent of the problem and assess the efficiency of emission reduction policies.
Acid (S and N) rain research in Canada has primarily focused on eastern provinces owing to the historically high levels of deposition. Accordingly, federal programmes monitoring precipitation chemistry were concentrated in eastern Canada, while western provinces were supported by provincial programmes. Across Canada (especially western Canada), the number of monitoring stations has decreased in recent years owing to changes in financial and political priorities. During the late 1980s and early 1990s there were approximately fifteen monitoring stations in the Georgia Basin, British Columbia; only one monitoring station is still in operation [Saturna Island, operated by the Canadian Air and Precipitation Monitoring Network (CAPMoN)]. While regional or continental-scale air quality models, such as AURAMS (A Unified Regional Air quality Modelling System: Moran et al. 2008) , are being used to fill in the gaps in monitoring networks across western Canada for S and N deposition, these models do not predict base cation [calcium (Ca 2+ ), magnesium (Mg 2+ ), potassium (K + ) and sodium (Na + )] or chloride (Cl -) deposition. The (historic) spatial pattern in deposition may also be estimated by interpolating (e.g., kriging) observed precipitation concentrations; however, there are too few stations across western Canada, especially for complex (mountainous) regions such as the Georgia Basin.
In recent years there has been growing (or revived) interest on the impacts of S and N deposition in western Canada (e.g., Georgia Basin) where anthropogenic emissions are expected to increase owing to the expansion of the transport sector (road vehicles and marine vessels), industry and urban centres (GVRD 2003; Environment Canada 2004 ). In addition to local pollutant emission sources, the Georgia Basin receives transboundary emissions from the US. There is concern that acid sensitive soils and surface waters in the Georgia Basin are at risk of acidification from atmospheric acid deposition (Wiens 1987; Mongeon et al. 2010, this issue; Strang et al. 2010, this issue) .
The objective of this study was to evaluate the longterm trends in precipitation chemistry in the Georgia Basin compared with eastern Canada and to assess spatial patterns across the study region. The long-term trends [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] in precipitation chemistry were evaluated at four CAPMoN stations (Saturna, British Columbia; Egbert, Ontario; Chapais Quebec; and Kejimkujik, Nova Scotia) using the Mann-Kendall statistical test (Gilbert 1987) . The spatial pattern in (long-term) base cation and Cl -concentration data were evaluated using a polynomial regression modelling approach; this method was employed because of its ability to describe trend surfaces based on a limited number of stations while accounting for the influence of elevation.
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METHODS

Study area
The Georgia Basin encompasses 48,000 km 2 and is surrounded by four mountain ranges; Olympic mountains, Vancouver island ranges, Coast ranges and the Cascades. The area receives high levels of precipitation especially along the coastal regions as a result of orographic precipitation. Moreover, due to the variable topography, air masses and their associated pollutants can be trapped leading to potentially high atmospheric deposition. The major emitters of anthropogenic S and N within the basin include the marine, transportation, industrial and agricultural sectors (Environment Canada 2004) . 
Precipitation chemistry data
Trend analysis
The non-parametric Mann-Kendall test (Gilbert 1987 , Salmi 2002 ) was used to detect monotonic (increasing or decreasing) trends in time-series of annual volumeweighted precipitation concentrations for the four CAPMoN stations (Tab. 1) during the period 1990-2007. The Mann-Kendall test is widely used in environmental science for the detection of trends in timeseries data because it is simple, robust, accommodates missing values and data need not conform to any statistical distribution (Libiseller & Grimvall 2002) . The Mann-Kendall test does not estimate the slopes of trends, but it has become customary to associate slopes calculated according to Sen (1968) , which are estimated as the median of all between-year differences in the variable of interest. A significance level of 0.05 was used to indicate statistically significant trends in the current study. Further, long-term trends in precipitation chemistry time-series were visually assessed following z-score transformation (i.e., mean of 0 and standard deviation of 1).
Polynomial regression models
The spatial pattern in mean annual long-term base cation and Cl -precipitation data was modelled using simple polynomial regression conditioned on location and elevation. Regression models have been widely used to relate precipitation chemistry and climate to spatial variables (e.g., Ollinger et al. 1995; Goodale et al. 1998; Aherne et al. 2002) , as they are particularly useful for interpolating data where observations are limited. In the current study, (sixth-order trend surface) polynomial regression models of ion concentration (mg L The b coefficients were determined using leastsquares fitting between modelled and observed data.
Tab. 1. Site ID (name and province), location (longitude, latitude), elevation, rainfall volume and five-year volume-weighted mean annual concentrations (2003) (2004) (2005) (2006) (2007) In several cases, terms were removed to improve fitting and maximise R 2 values resulting in simpler models. The regression models were conditioned on long-term mean annual base cation and Cl -data as it was assumed that concentrations did not change significantly over time. Sulphate, NO 3 -and NH 4 + were excluded from this analysis as their long-term spatial patterns are significantly influenced by changes in anthropogenic emissions.
RESULTS AND DISCUSSION
Precipitation chemistry
Current (volume-weighted) mean annual precipitation chemistry (2003) (2004) (2005) (2006) (2007) ). Saturna also has the weakest agricultural signal, as indicated by the low(est) NH 4 + concentrations (Tab. 1). In contrast, precipitation chemistry at Saturna (and Kejimkujik) was dominated by marine inputs (highest concentrations of Na + , Cl -and Mg 2+ ) owing to the(ir) coastal proximity.
Long-term trends
There was a highly significant increasing trend in long-term (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) annual pH and a decreasing trend in (non-sea salt) SO 4 2-at Saturna; these trends were consistent with observations at the University of British Columbia Research Forest, Georgia Basin (Feller 2010, this issue) and with the three stations in eastern Canada (Tab. 3). Despite differences in precipitation chemistry (Tab. 1), the time-series trends were synchronous (Fig. 2) , suggesting all stations (across Canada) have responded similarly to the large-scale emissions reductions under the Canada-US AQA. Similar responses were observed in the US during the period 1985-2002 (Lehmann et al. 2005) , with significant decreases in SO 4 2-at 139 stations (85% of study sites). During the last two decades, emissions of S dioxide (SO 2 ) and N oxides (NO × ) from US electrical powerplants have decreased by a factor of 1.7 and 1.6, respectively (National Air Quality and Emissions Trends Reports, URL: www.epa.gov/ttn/chief/trends). The substantial reductions in power-plant SO 2 emissions during the 1990s and NO × emissions in the past decade are a direct result of pollutant-specific cap-and-trade control strategies mandated by the US Environmental Protection Agency's Acid Rain Program and NO × Budget Trading Program (Monks et al. 2009 ). Total emissions from Canada and the US are dominated by the US, e.g., approximately 90% of total S emissions in eastern North America are from US sources (Vet & Ro 2008 constant linear decrease in SO 4 2-concentrations in precipitation (Fig. 2) . A decreasing trend was also observed for NO 3 -across all stations; however, statistically significant trends were only observed at Egbert and Chapais. Nonetheless, NO 3 -time-series showed a synchronous pattern, with static or slightly increasing concentrations between 1990 and 2000, and strong decreases thereafter (Fig. 2) . This pattern is consistent with on-road vehicle emission inventories that show an increase in NO × emissions throughout the 1990s (Parrish 2006), and with power-plant emissions inventories that show the largest reductions in NO × after 1998.
There were no consistent trends in NH 4 + , Cl -, Na + or Mg 2+ between the four stations (Tab. 3 & Fig. 2) ; the decreasing trend in NH 4
+ only observed at Saturna may be related to the depopulation of all poultry in the Fraser Valley, Georgia Basin (19 million birds), following an outbreak of avian influenza H7N3 in 2004, or a decrease in the long-range transport of ammonium bisulphate particles associated with reductions in SO 2 emissions. An increasing trend in Ca 2+ concentration was observed across all stations (statistically significant at Kejimkujik). This is in contrast to earlier studies that suggested decreases in Ca 2+ , in conjunction with decreases in SO 4 2-(during the 1970s and 1980s), offset any (expected) increases in precipitation pH (Hedin et al. 1994) . Moreover, ionic balances for the four stations indicate that decreases in SO 4 2-and NO 3 -(and to a lesser extent increases in Ca 2+ and NH 4 + ) during 1990-2007 predominantly explain the increases in pH (decreases in hydrogen ion; Tab. 3). The largest change in ion concentrations was observed at Egbert (cations = -22.52 µeq L -1 and anions = -21.54 µeq L -1 ), followed by Chapais, Saturna and Kejimkujik (Tab. 3). Limited changes and poor ion balances were observed at Kejimkujik due to the high variability in sea salt inputs (∆ Cl -Tab. 3).
Polynomial regression models
The spatial pattern in base cations and Cl -was strongly related to location and elevation for the Georgia Basin (Tab. 4). The polynomial regression models explained between 74% (Ca 2+ ) and 89% (Na + ) of the spatial variability in the observed data (n = 16; Tab. 1 & 4). The elevation coefficient was negative for all ions, indicating decreased concentration (dilution) with elevation (under higher precipitation volumes); Cl -was most strongly influenced by elevation, whereas Mg 2+ was Trends in precipitation chemistry 9 least (Tab. 4). Similarly, the sign of the location (easting and northing) and error (constant) coefficients were consistent for all models; all ion concentrations (generally) decreased with increasing easting and northing (Fig. 1 & Tab. 4) . Several model terms were removed to improve model fit, e.g., the easting × northing term was removed from most models. Two regression terms were removed from the Ca 2+ model, indicative of different sources for this ion (and weaker influence from marine inputs).
Estimating precipitation chemistry for the Georgia Basin is difficult because of the varied topography and the limited monitoring stations. Furthermore, high elevation monitoring stations are rare because of logistics and operating costs. Precipitation chemistry at high elevations is difficult to model owing to uncertainties in cloud cover, precipitation amounts and associated chemistries. Nonetheless, the chemistry of precipitation and snow in the current study was well characterised by location and elevation, providing a way to estimate longterm annual base cation and Cl -precipitation chemistry at unmonitored (forest) plots for contiguous regions in the Georgia Basin (Mongeon et al. 2010, this issue Precipitation chemistry in the Georgia Basin was dominated by marine ions (e.g., Na + , Mg 2+ and Cl -); their spatial pattern [and similarly for (non-sea salt) base cations] was strongly related to location (proximity to the ocean) and elevation (dilution). Polynomial regression models based on these independent variables explained between 74% (Ca 2+ ) and 89% (Na + ) of the variability in observed data, providing a way to estimate base cation and Cl -precipitation chemistry at unmonitored sites for contiguous regions of the Georgia Basin. 82.7
